Abstract Coming from the electronic material sciences, semiconductor nanocrystals, called quantum dots (QDs), have emerged as new powerful fluorescent probes for in vitro and in vivo biological labeling and single-molecule experiments. QDs possess several unique optical properties that make them very attractive over conventional fluorescent dyes and genetically encoded proteins technologies. They have precise emission color tunability by size due to quantum confinement effects, better photostability and brightness, wide absorption band and very narrow emission band for multiplexing, and increased fluorescence lifetimes. These characteristics, combined with some dramatic progresses achieved in surface chemistry, biocompatibility and targeting strategies have allowed their recent advances in the field of single-molecule detection and imaging
Introduction
In its visionary lecture delivered at Caltech in 1959, Richard Feynman suggested that "strange phenomena" would occur when a material's size is reduced to the nanometer scale (Feynman 1961) . For semiconductor material, these radical changes occur when quantum-size phenomena (quantum confinement) take over conventional bulk properties. As the material's size is reduced in at least one dimension (in the 1 to 10 nm range), new material's properties start to emerge. These mesoscopic semiconductor structures of reduced dimensions (2-D quantum wells, 1-D quantum wires, and 0-D quantum dots) show unique size-dependent optical and electrical properties due to quantum confinement. Quantum dots (QD) are often dubbed "qdots," "quantum crystallites," or more simply "nanocrystals."
Predating our modern solid-state physics understanding of this phenomenon, centuries-old color-stained glass artworks decorating medieval cathedral windows are a vivid example of quantum confinement. These glass-melts contain colloidal particles made of zinc, cadmium sulfides, and selenides. It is only recently that the size-dependent optical properties of nanocrystals have been described within the framework of quantum confinement due to the pioneering work of the St. Petersburg school in Russia (Efros and Efros 1982; Ekimov and Onuschenko 1982; Ekimov et al. 1980 ) and the Bell Labs in the United States (Rossetti et al. 1983) .
Nanocrystals of semiconductor material used in biological applications (e.g., CdSe, PbS) are synthesized in solution using colloidal chemistry (Yin and Alivisatos 2005) . They are in general spherical faceted crystals characterized by a diameter smaller than their exciton Bohr radius, a length scale that characterizes the typical electron-hole distance in the bulk material. The QDs small size (about 2 to 10 nm wide which corresponds to a few hundreds to a few thousands of atoms (Kadavanich et al. 2001 ) ) imparts to them useful electronic and optical properties, very different from the properties of the bulk material on which they are based, most notably fluorescence. They behave as single "atomlike" quantum entities and adopt new properties that depend directly on their size (Alivisatos 1996a) . Therefore, QDs are sometimes referred to as "artificial atoms" and even have their own periodic table (Ashoori 1996) .
Their most useful property for imaging is the tunability of the absorption and emission spectra, which are related to the QD diameter, a parameter that can be precisely controlled by the duration of the nanocrystal growth. This simple control, as well as the availability of a variety of materials with significantly different properties allows for the synthesis of a continuous palette of emission colors spanning the soft ultraviolet (UV), the visible, and the near-infrared (NIR) portion of the light spectrum. These and several other unique QD optical properties have recently galvanized the biological sciences and include improved signal brightness, resistance against photobleaching, and simultaneous excitation of multiple fluorescence colors. Since the first experiments demonstrating their potential uses as optical probes in biological imaging (Bruchez et al. 1998; Chan and Nie 1998) , QDs have been applied in most biotechnological applications using fluorescence, including DNA array technology, immunofluorescence assays (reviewed in Alivisatos (2004) ), and cell and animal biology (reviewed in Medintz et al. (2005) and Michalet et al. (2005) ).
A survey of the recent literature testifies to the ever-growing interest of QDbased technologies in the biosciences. Publications using QD imaging probes in biological research have increased exponentially as robust QD sources became commercially available and readily formulated for the needs of the experimentalists. However, despite this current enthusiasm, QD technology will most likely not replace the well-established fluorescent dye technologies but rather will complement some of their shortcomings in niche applications . For example, QDs emitting in the far-red and NIR regions of the spectrum could be of great utility for in vivo biological imaging, diagnostic, and possibly even therapeutics, due to their good separation from autofluorescence background and increased penetration of excitation and light emission through thick tissues. Kim et al. (2004) have recently demonstrated in pigs and mice the superiority of NIR QDs in sentinel lymph node (SLN) mapping, a major procedure in breast cancer surgery. Because the QDs allowed image guidance throughout the procedure, virtually free of any background, the size of the incision that ensured the successful removal of the SLN was reduced. The imaging of SLN in real-time without the need of traditional dyes or radioactive tracers is a significant breakthrough that suggests that NIR imaging of QDs could possibly aid surgical procedures in humans (Kim et al. 2004) . QDs are also proving to be excellent probes for two-photon confocal microscopy and deep-tissue imaging given their large absorption cross-section . But when combined with ultrasensitive microscopy techniques, QDs are showing their true potential by allowing visualization of cellular processes at a molecular scale (Dahan et al. 2003; Lidke et al. 2005; Warshaw et al. 2005) .
Single-molecule microscopy is a novel high-resolution, high-sensitivity optical technique that is revealing a wealth of new information about the dynamics of isolated molecules, in vitro and in their cellular environment (Harms et al. 2001; Iino et al. 2001; Schutz et al. 2000; Seisenberger et al. 2001; Ueda et al. 2001) . The ability to watch one molecule at a time can unravel subtle and discrete subpopulations and/or rare events that would otherwise be hidden in heterogeneous samples because of the statistical and temporal averaging from which those ensemble measurements suffer (Michalet et al. 2003) . Because of their unmatched photostability, QDs are the probes of choice for long observation of individual cellular proteins, reconciling the inherent incompatibility in time scales of organic dyes' photobleaching lifetime and desired observation time (Weiss 1999) . Additionally, single-molecule fluorescence microscopy can be combined with electron microscopy (EM) given QDs high electronic density as it has been demonstrated recently (Dahan et al. 2003) . Thus, QDs have the unique potential to provide spatial, temporal, and structural information at all length scales: from the whole-body down to nanometer resolution with a single probe. This chapter begins by setting out the basic principles of QDs' electronic structure necessary to understand their fundamental optical and physical properties. It then gives a brief review of the dramatic progress achieved in surface chemistry, biocompatibility, and targeting strategies that allowed their recent advances in imaging applications. It then goes on to present recent QDs' uses in biological imaging with an emphasis on single-molecule detection. QD in vitro assay labeling and sensing are discussed elsewhere (Alivisatos 2004; Medintz et al. 2005; Michalet et al. 2005) . Finally, it outlines the future directions and potentials of QD technology in fluorescence spectroscopy of single-biomolecules.
Quantum Dots: Semiconductor Systems of Reduced Dimensionality
This section outlines the essential concepts of low-dimensional semiconductor structures and provides a framework to understand why QDs demonstrate desirable optical properties for imaging. Interested readers should consult textbooks on quantum mechanics, solid-state physics, or QDs (Atkins and Friedman 1997; Gaponenko 1998; Kittel 1996) for an in-depth discussion.
Energy Bandgap
Electrons in atoms and molecules have defined energies, described by quantum mechanics as "energy levels". Only two electrons can exist in any one energy level (Pauli exclusion principle) with the consequence that electrons will start filling energy levels from the lowest energies upwards. In crystalline solids (such as metals, semiconductors, and insulators), however, electrons are arranged in a near continuum of energy levels known as energy bands due to the overlap of their atomic orbitals in the closely packed crystalline arrangements (Kittel 1996) .
The highest filled band at T = 0 K is known as the valence band and the first unfilled band above the valence band is referred to as the conduction band. Regions in energy for which no wavelike electron orbitals exist separate valence and conduction bands. Such forbidden regions are called energy gaps (E g ) or band gaps, and result from the interaction of the conduction electron wavefunctions with the ion cores of the crystal.
The band theory of materials explains qualitatively the difference among conductors, semiconductors, and insulators. In conductors (e.g., metals), valence and conduction bands overlap (E g = 0), allowing free electrons to participate in the conduction process. To the contrary, bulk semiconductors have a filled valence band and a mostly empty conduction band separated by an E g typically of about 1-2 electron volt (eV) (3.8e-23 to 7.6e-23 kcal). Insulators are not different from semiconductors except for the fact that in insulators, E g is far greater than the thermal energy of the electron (E g > 2 eV, Figure 3 .1). 
Exciton States, Quantum Confinement, and Quantization of Energy
Upon photon absorption of light with energy hn > E g , an electron is promoted from the filled valence band to the (mostly) empty conduction band, leaving a positively charged vacancy, or "hole," which can be described as a quasiparticle with a mass, momentum, and energy interacting with its surrounding. The excited electron in the conduction band and the hole in the valence band are of opposite signs and therefore interact with each other via Coulomb interaction, similarly to the proton and electron of a hydrogen atom. As in the hydrogen atom, the distance separating the electron-hole pair (such a bound pair is referred to as an "exciton") is described by the Bohr radius (a ex ) and is characteristic of the material under consideration:
where e is the semiconductor permittivity, m ex is the reduced exciton mass (as determined by ion cyclotron resonance (Gaponenko 1998; Hannay 1959; Mahan 2000) ), h is Planck's constant, and e the electron charge. The exciton's Bohr radius is typically about 1 to 10 nm (Gaponenko 1998) for most semiconductors (e.g., a CuCl ∼ 7 Å, a GaAs ∼ 100 Å, and a CdSe ∼ 56 Å).
For semiconductor dimensions smaller than the exciton's Bohr radius, the motion of the excitons becomes obviously confined in space. Confinement in one dimension gives rise to quantum wells, in two dimensions to quantum wires and when all three spatial dimensions are confined, a quasi-zero-dimensional dot (quantum dot) structure is produced (Alivisatos 1996a,b; Steigerwald and Brus 1990; Weller 1993a Weller ,b, 1998 Zhang 1997) . The confined exciton behaves as a particle trapped in a spherical three-dimensional potential box (i.e., classical particle-in-a-box problem). Practically, calculations and experiments show that the three-dimensional reduction of the QD nanocrystal dimensions results in the appearance of discrete energy levels at the edges of the conduction and valence bands reminiscent of that of atoms or that of the familiar HOMO-LUMO-energy gap for small molecules (Figure 3 .1). QD nanocrystals therefore exhibit a mixture of properties in this mesoscopic regime, transitioning from bulk semiconductor (i.e., with energy bands) properties to single atomlike properties (i.e., with discrete energy levels). QDs are thus also referred to as "artificial atoms" or "hyperatoms".
Optical Properties of Quantum Dots

Tunable Bandgap and Size-Dependent Photoluminescence
The separation of the last discrete electronic level of the valence band and the first discrete level of the conduction band, or first exciton energy is related to the bulk bandgap energy E g and the size of the QD in such a way that E g increases as the dimensions of the particle decreases (Alivisatos 1996a,b; Brus 1984; Weller 1998; Zhang 1997 ). This first exciton energy of a nanocrystal is often referred to as its bandgap energy, and this is the terminology that is used henceforth.
Because particle size directly relates to the QD's bandgap energy, QDs have sizeand composition-dependent absorption and emission (Figure 3.2A) . Photoluminescence in QDs is essentially described in terms of the annihilation of the exciton by radiative recombination. Therefore the emission wavelength follows the size-dependent changes in the bandgap; that is, the smaller the QD, the bluer is its emission (tunable emission). In practice, it is possible to continuously tune the spectroscopic properties of QDs by precisely controlling the duration, temperature, and ligand molecules used during the colloidal chemical synthesis (Alivisatos 1996a) .
As in the case of bulk semiconductors, the QD's absorption has an increased probability at higher energies (i.e., shorter wavelength), and is characterized by a broadband absorption spectrum, in marked difference with standard fluorophores (Figure  3 .2B). Also, the ensuing ensemble emission spectrum is slightly Stokes-shifted with respect to the excitation band edge and consists of a narrow and symmetric Lorentzian band (30-40 nm full-width-at-half maximum (FWHM) or less) in sharp contrast with the red-tailed emission spectra of most fluorophores (Figure 3 .2B). The width of the ensemble spectrum is due to both the size dispersion of the QD particles inherent to their synthesis (as we discuss in Section 3.3.1) and spectral jumps caused by local changes in the QD's surface. Spectral jumps are another illustration of the atomlike nature of QDs and their similarities to molecules, for which similar phenomenon have been described (Ambrose and Moerner 1991; Orrit and Bernard 1990) .
Bandgap and Wavefunction Engineering
The fate of the photo-generated electron-hole pair is influenced by unpassivated surface defects in the crystal structure, which can act as temporary "traps" for the electron or hole, preventing their radiative recombination. The alternation of trapping and untrapping events results in intermittent fluorescence, or blinking typical of QDs, visible at the single-molecule level (Nirmal et al. 1996) and reduces the overall quantum yield (QY), defined as the ratio of emitted to absorbed photons. One way to eliminate these "trap" states and protect surface atoms from photooxidation and other chemical reactions is to grow a few atomic layers thick protec- (Dabbousi et al. 1997; Eychmüller et al. 1993; Kortan et al. 1990; Mews et al. 1994; Peng et al. 1997) . This "shell" layer can increase the QY to values up to ∼90 % (Reiss et al. 2002) by eliminating surface traps and better confining the exciton into the core. This step also enhances QDs' photostability by several orders of magnitude relative to conventional dyes (Sukhanova et al. 2004) .
A typical example is a ZnS shell (E g = 3.8 eV corresponding to absorption onsets at ∼325 nm (Dabbousi et al. 1997, Hines and Guyot-Sionnest 1996) ) used to cap CdSe cores (E g = 1.7 eV ∼720 nm; Murphy (2002) in a so-called band alignment of type-I. CdS (E g = 2.4 eV ∼520 nm; Peng et al. (1997) ) is better lattice-matched to CdSe, but ZnS has a larger band offset (Böer 1990 ) resulting in better confinement. Leakage of the wavefunction into the shell results in a slightly red-shifted spectra of the "core-shell" structure as compared to the core alone (Peng et al. 1997) .
Recently, atomic layer-by-layer successive shell deposition has revealed systematic changes of lifetime with shell growth of type-II CdTe/CdSe QDs . This demonstrates the high-level of wavefunction manipulation and radiative recombination control that can be achieve in the quantum size regime.
One can take advantage of the long QDs' lifetime (>10 ns; Efros and Rosen (2000) to separate their signal from background autofluorescence encountered in cells by timegated imaging detection (Dahan et al. 2001 ) as discussed in Sections 3.4 and 3.6.
Quantum Dots: From Physical Chemistry to Bioimaging
QDs have been obtained using various technologies; from "top-down" techniques by means of reducing a quantum wells in the two lateral dimensions to "bottom-up" precision growth techniques borrowed from glass technology and colloidal chemistry (Gaponenko 1998) . Here, we provide a brief overview of the state-ofthe-art fabrication of fluorescent colloidal QDs, a class of QDs exclusively used for biological labeling.
Colloidal Nanocrystal Synthesis
"Bottom-up" approaches allow the most precise growth control of the QDs, providing very narrow size distributions (<5% standard deviation in diameter) necessary for imaging applications. In the colloidal approach, QDs are grown in a solvent solution. Molecular or ionic QD precursors are reacted at high temperature (300°C) in a single vessel, together with a stabilizing agent (an organic surfactant) that stabilizes the growing particles. Typically, a mixture of surfactants such as trioctylphosphine oxide (TOPO) and trioctylphosphine (TOP) is used to coat the growing crystallite cores and prevent their aggregation, as well as the dissolution of smaller nanocrystals in favor of larger ones (a process known as Ostwald ripening). Molecule Detection and Imaging  59 Murray, Norris, and Bawendi (1993) first introduced this concept for the growth of CdSe nanocrystals in TOPO. Size tuning (from 2.0 to 8.0 nm) is precisely controlled by factors such as the duration, temperature, relative concentration, and rate of addition of ligand molecules (Alivisatos 1996a; Yin and Alivisatos 2005) and is monitored by absorption and photoluminescence spectra of aliquots taken along the time-course of the reaction (Bowen Katari et al. 1994) . Cooling down the reaction vial eventually stops the growth altogether. QD cores are then purified through successive "size-selective precipitation" and washing steps, which further improve their size distribution (Murray et al. 1993; Vossmeyer et al. 1994) . They are kept in nonpolar solvents such as butanol or toluene. High-resolution TEM indicates that the cores obtained by these methods are made of a few hundred to a few thousand atoms (Kadavanich et al. 2001; Murray et al. 1993) . The QY of the resulting core is generally modest (a few percent only) until an outer shell of higher bandgap material is added (see below).
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Quantum Dots Bioconjugates for Imaging
The use of semiconductor QDs as biological fluorescent probes requires that they: (i) are water soluble; (ii) offer reactive groups on their surface for subsequent bioconjugation; (iii) maintain all their photophysical properties when transferred into aqueous buffers (wide excitation band, narrow emission, long fluorescence lifetime, high quantum yield, high photochemical and photophysical stability); (iv) remain monodispersed; and (v) have a reasonable final small size. Therefore, continuing research efforts focus on further developing and improving the organicinorganic interface.
Quantum Dot Solubilization
Inasmuch as QDs are mostly synthesized in nonpolar organic solvents, their hydrophobic surface must be converted to a hydrophilic one in order to solubilize them in aqueous buffers. This can be achieved by either surfactant exchange, a process primarily driven by mass-action in which the native TOP/TOPO is substituted with bifunctional ligands or by insulation of the original hydrophobic QD within a heterofunctional amphiphilic coating (Figure 3.3) .
These various QD solubilization strategies include: (i) ligand exchange with simple thiol-containing molecules (Chan and Nie 1998; Pathak et al. 2001) or more sophisticated ones such as oligomeric phosphines (Kim and Bawendi 2003) , dendrons (Guo et al. 2003) , and peptides (Akerman et al. 2002; Pinaud et al. 2004 ); (ii) encapsulation by a layer of amphiphilic diblock (Wu et al. 2003) , or triblock copolymers (Gao et al. 2004) , in silica shells (Bruchez et al. 1998; Gerion et al. 2001) , phospholipid micelles (Dubertret et al. 2002) , polymer beads (Gao et al. 2002) , polymer shells (Pellegrino et al. 2004 ), amphiphilic polysaccharides (Osaki et al. 2004) ; and (iii) combination of U n c o r r e c t e d P r o o f layers of different molecules conferring the required colloidal stability to QDs (Mattoussi et al. 2000; Sukhanova et al. 2004) . Recently, some groups have developed promising water-based synthesis (Gaponik et al. 2002; Rogach et al. 2001 ) yielding particles emitting from the visible to the NIR spectrum that are intrinsically watersoluble, but have yet to be tested in biological environments.
Quantum Dot Functionalization
Surface functionalization with hydrophilic ligands serves as a point of chemical attachment for biomolecules. QD ligands containing either an amine or a carboxyl group offer the possibility to cross-link molecules containing a thiol group (Akerman et al. 2002; Dubertret et al. 2002; Mitchell et al. 1999) or an N-hydroxysuccinimyl-ester moiety (Bruchez et al. 1998; Pinaud et al. 2004 ) using standard bioconjugation reactions. Another approach uses electrostatic interactions between QDs and charged adapter molecules, or proteins modified to incorporate charged domains (Goldman et al. 2002) . These functionalization steps can be repeated to add or change functionality. For instance, streptavidin-coated QDs can be used in combination with biotinylated proteins, antibodies, or nucleic acids (Bentolila and Weiss 2006; Chan et al. 2005; Dahan et al. 2003; Jaiswal et al. 2003; Mansson et al. 2004; Pinaud et al. 2004; Wu et al. 2003) . By extension, a generic three-layer approach using (i) an antibody against a specific target, (ii) a biotinylated secondary antibody against the first, and (iii) a streptavidin-coated QD, allows QD labeling of most types of target (Dahan et al. 2003; Wu et al. 2003) . However, the "sandwich" approach results in large structures that may impede further use of QDs in some applications.
To circumvent that problem, our laboratory has developed a unique peptide-based solubilization and functionalization approach that maintains the small size of the particles. This is achieved by exchanging the surfactants with synthetic phytochelatinlike α-peptides (Pinaud et al. 2004 ) that mimic the natural formation of peptide-coated QDs during heavy metal detoxification processes in plants and yeasts (Cobbett 2001; Dameron et al. 1989; Dameron and Winge 1990a,b; Stillman 1995) . These peptides comprise a metal-chelating and hydrophobic domain ensuring binding to the QD surface, and a hydrophilic tail that provide solubilization and stability in buffers (Figure 3.3i) . A single binding domain of the peptide containing cysteines (C) and hydrophobic unnatural amino acids 3-cyclohexylalanines (Cha) is responsible for surface recognition and attachment to QDs, whereas the variable hydrophilic domain provides solubilization and functional groups for bioconjugation. This surface chemistry is very simple and achieved in a single reaction step. The resulting particles have excellent colloidal and photophysical properties , Pinaud et al. 2004 ) suitable for single-molecule techniques, as we discuss in Section 3.4. It is important to note that our peptide-coating approach maintains the overall size of the QDs relatively small (8 to 13 nm) as compared to ∼18 nm for phospholipid-coated QDs, and 30 nm for commercial nanorods protected by a polymer coat .
Quantum Dot Imaging: From Ensemble to Single-Molecule Sensitivity
The successful developments of a wide range of methods for bioconjugating fluorescent colloidal QDs have accelerated their use in biological imaging and ultrasensitive detection in vitro applications, in live cells and in whole organisms (reviewed in Alivisatos (2004) , Medintz et al. (2005) , and Michalet et al. (2005) ). Most appealing for the biosciences, are the high brightness, high resistance to photobleaching, and the ability to size-tune fluorescent emission of these inorganic-biological hybrid nanostructures. When combined with ultrasensitive optical techniques the enhanced photophysical properties of QDs fulfill the stringent requirements needed to achieve single-molecule sensitivity to study complex U n c o r r e c t e d P r o o f dynamic cellular processes. In the following, we discuss the experimental layouts and the physical observables of these microscopy techniques.
Techniques for Single-Molecule Fluorescence Visualization
The first single protein visualized by fluorescence microscopy was an antibody molecule labeled with about 100 fluorophores (Hirschfeld 1976) . Since then, progress in molecular imaging has advanced the boundary of detection down to the single-molecule-single-fluorophore complexes in their native cellular environment (Harms et al. 2001; Iino et al. 2001; Schutz et al. 2000; Seisenberger et al. 2001; Ueda et al. 2001 ). These advances have been critically dependent upon three main factors: (i) the introduction of enhanced indicator probes (new variants of genetically encoded fluorescent proteins, novel inorganic nanomaterials and novel organic fluorophores); (ii) the innovation of new optics and detectors allowing steady gain in microscope collection optics, detector sensitivity and dynamic range; and (iii) the enhanced computer capabilities to process an ever-growing flow of data.
Single-molecule fluorescence imaging techniques rely mainly on two schemes: wide-field excitation/detection and point excitation/detection geometries (Figure 3.4) . The wide-field format uses epifluorescence illumination with high-power arc lamps (e.g., mercury) in a Kohler-illumination arrangement (Goulian and Simon 2000) or defocused laser excitation (Schmidt et al. 1996) , or total internal reflection excitation (TIR; Axelrod 2003; Funatsu et al. 1995 ) and a wide area detector (camera).
TIR differs from the first two wide-field methods in limiting the excitation light to the "evanescent field" region at the boundary between the coverslip and water (or 4b and c) . The intensity of the evanescent field decays exponentially as the distance from the boundary increases, thus limiting the excitation depth to a very narrow layer, typically one hundred to a few hundreds of nanometers (Axelrod 2003) . Because TIR is a proximity imaging method its application is limited to molecules immobilized on the surface, molecules diffusing close to the surface, or cell surface (the plasma membrane) near the solid support. The large area detectors used with wide-field excitation geometries include cooled back-thinned CCD cameras, intensified CCD cameras (ICCD; for instance SIT cameras), or electron-multiplying CCD cameras (EMCCD), with detection quantum efficiencies (QE) ranging from 40 to 90% in the visible spectral range. Such detectors allow the simultaneous observation of multiple single molecules scattered over a relatively large field of view (Goulian and Simon 2000; Michalet et al. 2003; Schmidt et al. 1996) .
In recent years, single QDs have been successfully observed and tracked over extended period of times (up to a few hours) using TIR microscopy (Michalet et al. 2001) or basic wide-field epifluorescence microscopy ( The point excitation/detection scheme is based on a confocal laser scanning or stage scanning microscopy (CLSM or CSSM, respectively). The laser beam is focused through an objective lens onto the specimen (Pawley 1995; Webb 1999). The diffraction-limited focal spot defines the excitation volume, which is on the order of a few femtoliters (10 −15 l). In CLSM, the laser beam is raster-scanned across the field of view and the image is acquired pixel by pixel using a point-detector (typically a photomultiplier tube of QE < 20%) and reconstructed by software. This scheme, however, provides relatively poor sensitivity. In CSSM, the excitation beam is stationary on the optical axis and the sample-stage is raster-scanned across the field of view to produce the pixel-by-pixel image.
Ultrasensitive avalanche photodiode point detectors (APD, QE < 90%) are typically used for this scheme, which is usually slower and therefore adapted to very low light level imaging (Michalet et al. 2001) . The CSSM approach is suited for the acquisition of fluorescence time traces of immobilized molecules or isolated QDs (Lacoste et al. 2000) and provides high spatial and temporal resolution, as well as access to fluorescence lifetime information but is inadequate to simultaneously study dynamic processes of many molecules. Widefield methods are therefore necessary for the high-throughput accumulation of a statistically significant number of single molecule trajectories (Funatsu et al. 1995; Schmidt et al. 1996) .
Single-Molecule Sensitivity Requirements
Signal and Noise
A prerequisite to achieving single-molecule sensitivity is a careful optimization of background, signal, and noise emission which are manifested in the signal-to-noise On the instrument side, improving the collection efficiency can increase both SNR and SBR whereas using a higher excitation power and longer integration time will only improve the SNR. SBR can be increased by reducing the excitation volume through combination of focusing (as in CLSM) and/or specialized optical excitation (as with the evanescent field in TIR; Michalet et al. (2003) , Paige et al. (2001) ).
On the probe (fluorophore) side, desirable properties include high extinction (absorption) coefficient, high fluorescence QY, minimal intersystem crossing to triplet state, and high photostability (Kapanidis and Weiss 2002) . QDs indeed fulfill these requirements.
QDs' high molar extinction coefficient (ε), on the order of 10 6 M −1 l cm −1 in the visible, is ∼10-100 times larger than that of standard organic dyes or genetically encoded fluorescent protein (Dabbousi et al. 1997; Leatherdale et al. 2002) and is the prime contributor to QDs' high SNR.
e directly relates to the number of photons N (i.e., the "signal" in Equations (3.2) and (3.3) ) emitted from a single QD in a given acquisition time τ as follows,
where a is the detection efficiency (∼0.1-5 %), q the emission quantum yield (30-80%), λ the QD emission wavelength, h the Planck constant (h = 6.63 × 10 −34 J s), c the speed of light, I the excitation power per unit area, and N A the Avogadro number.
Practically, this means that at comparable quantum yields and similar emission saturation levels , QDs are much brighter than dyes. In addition, because they are very photostable, they emit many more photons per particle prior to photobleaching compared to organic dyes (Ballou et al. 2004; Dubertret et al. 2002) . These properties allow the detection of QDs' fluorescent signal way above background with the ultimate high sensitivity of one QD per target molecule (Figures 3.5, 3.8, Dahan et al. (2003) , and Lidke et al. (2005) ).
Resolution and Localization
An important issue in the quantitative data analysis of single-molecule microscopy/ spectroscopy relates to the accuracy with which the position of a single molecule can be determined.
In wide-field microscopy, TIR or CLSM, the ability to detect single molecules depends on those molecules being spaced far enough apart from each other (which means working at low dilution, usually within the ten to hundred picomolar concentration range). This is due to the fact that in light microscopy, spatial resolution (the ability to distinguish identical fluorescent point-sources at high density) is
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fundamentally limited by the diffraction of light. Indeed, the focusing of light produces a finite-size focal volume of about 250-300 nm in x-y and 700-800 nm in z in the visible range (Abbe 1873). This volume is mathematically described by diffraction theory and is called the point-spread-function (PSF; Pawley (1995)).
At the traverse focal plane (x-y) the full-width-at-half-maximum (FWHM) of the focal spot is:
and along the optical axis (z) is:
where λ is the excitation wavelength, n the refractive index, and α the semiaperture angle of the objective lens. It is customary to use the FWHM of the PSF as a direct measure of the resolution (Rayleigh criterion). Without resorting to super-resolution techniques (as we discuss later) fluorescent microscopes can thus resolve at best, λ/2 ∼ 200 nm at the focal (x-y) plane and only 500-800 nm along the optic axis (z) with visible light (Pawley 1995). As an example, in order to resolve two individual and identical QDs that emit 630 nm light, they need to be at least 240 nm apart in the x-y plane when imaged with an oil-immersion objective with a numerical aperture (NA) of 1.3. This means that spatial resolution is first intrinsically limited by wavelength not by molecule concentration. Therefore, resolution must be confused neither with single-molecule sensitivity (Weiss 1999 ) nor with positioning accuracy and distance measurement between two spectrally distinct singlefluorescent molecules (Lacoste et al. 2000) . In fact, the localization of a fluorescent point-source (i.e., the center of the PSF) can be determined with much better precision (in a sense overcoming the diffraction limit) without improving the imaging resolution by fitting the PSF with a twodimensional Gaussian curve or using centroid-finding algorithms (Gelles et al. 1988) , if a sufficient number of photons N can be collected from the spot (Bobroff 1986 , Michalet et al. 2001 Snyder et al. 2004 , Yildiz et al. 2003 . In the case of QDs, the high number of emitted (and collected) photons N affords high localization accuracy. With signal high enough to overcome background, Equation (3.2) can be approximated by:
The localization precision is solely limited by the SNR as calculated by many authors (Bobroff 1986; Michalet et al. 2001; Ober et al. 2004; Snyder et al. 2004; Thompson et al. 2002; Yildiz et al. 2003) . The exact expression of the localization accuracy depends on the theoretical framework used to describe the experimental situation. We give here the formula derived in Michalet et al. (2001) : where dx is the image pixel size. Dahan et al. (2003) have shown that it possible to observe QD's SNR of about ∼50 under physiological conditions resulting in accuracy as high as 5-10 nm.
Similarly, Figure 3 .5 illustrates how QD's high SNR, brightness, and resistance to photobleaching allow tracking the diffusion of individual QD-tagged CD14 receptors in the membrane of live human HeLa cells .
This high-localization accuracy principle together with the broad excitation spectrum of QDs (single excitation, multiple emission, Figure 3 .2B) allow us to measure the relative position of two spectrally distinct QDs with nanometer accuracy as well (Lacoste et al. 2000; Michalet et al. 2001) . Figure 3 .6 presents an example of closely spaced QDs, where centroid-fitting algorithms allow subpixel localization with nanometer accuracy of multiple-color individual QDs (Lacoste et al. 2000) . In conclusion, QDs can improve positioning accuracy and distance measurement beyond the diffraction limit imposed by the optical resolution of the microscope, although without increasing the imaging resolution per se.
Improving the optical imaging resolution in x, y, and z requires "breaking" the diffraction limit of light. This can only be done by effectively reducing the volume of the PSF. Several methods have been proposed and demonstrated: (i) near-field scanning optical microscopy (NSOM; Betzig and Chichester (1993) , Betzig and Trautman (1992) ; Enderle et al. (1997) ) or interference methods such as (ii) standing-wave microscopy (Bailey et al. 1993; Frohn et al. 2000) , (iii) I 5 M (Gustafsson 2005; Gustafsson et al. 1999) , (iv) 4Pi microscopy (Egner and Hell 2005; Hell 2003; Hell and Stelzer 1992) , and (v) stimulated emission (STED) microscopy (Dyba and Hell 2002; Hofmann et al. 2005; Klar et al. 2000) although the applicability of some of these techniques remain to be demonstrated with QDs.
Singleness and Blinking
Because the diffraction-limited volume (typically, several hundred nanometers across, ∼1 fl in volume) is much larger than the dimensions of single molecule emitters (dyes and QDs), one has to rule out the possibility that the observed signal originates from two or more emitters. Working at low concentration reduces the probability of finding more than one molecule in the excitation volume. Also, we have seen that the excitation volume could be further reduced by super-resolution methods. Nonetheless, one can only conclude that the observed signal emanates from a single molecule (QD) if the following criteria are met (Betzig and Chichester 1993; Michalet et al. 2003) :
The observed (surface or volume) density of emitters correlates with the known concentration of molecules used to prepare the sample. The observed fluorescence intensity level is consistent with that of a single emitting molecule (according to (Equation 3 .2)).
U n c o r r e c t e d
P r o o f
When immobilized, each dye or nanocrystal rod emitter has a well-defined absorption or emission dipole (Hu et al. 2001 ). Fluorescence emission exhibits only two levels: on/off behavior due to blinking, intersystem crossing to triplet state or photobleaching. If two or more emission levels exist, they must correlate to changes in photophysical properties (Neuhauser et al. 2000) . The emitted light exhibits antibuching, that is, no simultaneous emission of two photons (Basché et al. 1992) . For QDs this is true for low excitation levels only since multiple exciton generation has been recently reported (Ellingson et al. 2005) .
Lastly, single QDs can be identified by their characteristic blinking (intermittency) behavior that occurs at all time scales (Banin et al. 1999; Nirmal et al. 1996) . Intermittency is readily seen by the naked eye using a standard fluorescent microscope. The diffraction-limited spots are seen as alternating between "on" and "off" emission states. Figure 3 .5D shows a typical single QD blinking time trace. QD's intermittency has been used as the main criterion for the detection of single QDs in live cells (Chan and Nie 1998; Dahan et al. 2003; Howarth et al. 2005 ) and fluorescence in situ hybridization (FISH) experiments in fixed cells Weiss 2006, Crut et al. 2005) .
Quantum Dots: Applications in Single-Molecule Optical Imaging
The main benefit of utilizing QDs for single molecule imaging is their enhanced brightness and photostability, that is, the ability to image and observe individual molecules for long periods of time. Up to now this has been exploited to study the dynamics of two classes of molecules: the translocation and conformational changes of mechanochemical transducers (molecular motors), and the diffusion and transport of receptor proteins in the plasma membrane. In the following, we review these recent achievements and speculate on future advances.
Quantum Dot Imaging of Protein Conformational Changes
Myosin V is a double-headed molecular motor that delivers intracellular cargo over long distances by moving processively along actin filament tracks. Single-molecule fluorescence polarization ) and high-accuracy fluorophores localization methods (FIONA; Yildiz et al. (2003) ) have suggested that myosin V is likely to walk with a hand-over-hand mechanism where the heads alternate between "leading" and "trailing" positions. Although very convincing, these experiments have, however, relied on monitoring the movement of a single-labeled myosin head with no direct visualization of the movements of the two heads. Warshaw et al. (2005) used TIR microscopy and the ability to differentially label each head of a single myosin molecule with a QD of a different color to characterize how myosin generates motion under load. The high spatial and temporal resolution afforded in QD imaging allowed the first time observation of each head alternating positions in a hand-over-hand fashion during processive movement. Single-laser excitation and simultaneous detection of the two QD emission spectra allowed precise positioning measurements of the myosin heads in the x,y focal plan with 6 nm resolution at the 83 ms integration time (Figure 3.7) . These data, through direct observation, confirmed myosin V's hand-over-hand mode of walking along an actin filament. The authors demonstrated that the QD load did not affect the overall velocity of the motor. They also observed hidden substeps suggesting that U n c o r r e c t e d P r o o f once the head has stably attached to an actin monomer, it can detach and reattach before taking its following step.
Another important issue is to understand how motor proteins carry out their functions in living cells under physiological conditions. Beside a single report using a green fluorescence protein (GFP), high background noise, rapid photobleaching, and poor spatial resolution have so far precluded resolving the individual steps of molecular motor proteins in vivo. To circumvent these limitations, Nan et al. (2005) have taken advantage of the exceptional brightness and photostability of QDs and recently reported the first observation of individual microtubule motor steps in living cells by following the movements of endocytic vesicles loaded with QDs. The authors showed that QDs allowed them to record motor displacement traces with 300 µs time resolution and 1.5 nm spatial precision. They also documented new aspects of microtubule motor movements that had been previously undetected using conventional dye technology.
These results demonstrate the ability of QDs to monitor motor proteins at the molecular level in living cells with higher resolution and will certainly be followed by studies on other motor proteins and systems. 
Quantum Dot Tracking of Cell-Surface Membrane Receptors
Monitoring the trajectories of individual proteins in the plasma membrane of cells has been limited so far by either the size of the probe (40 nm gold nanoparticles or 500 nm latex beads) that may interfere with protein dynamic (Saxton and Jacobson 1997) or by the rapid photobleaching of small (1 to 4 nm) fluorescent organic labels (Ueda et al. 2001) .
To circumvent these two main limitations, Dahan et al. (2003) have used antibodyconjugated QDs to track individual glycine receptors at the surface of living neurons. The authors used a standard wide-field microscope and a sensitive CCD camera to identify individual QD-tagged membrane receptors according to their blinking properties. The distance separating neighboring QDs (i.e., the density of membrane receptor labeling) was carefully optimized to make sure that individual QDs could be distinguished optically (i.e., less than one labeled receptor per diffraction-limited resolved spot).
Although the trajectory of an individual receptor could not necessarily be tracked continuously due to blinking (Figure 3.8) , the advantages of using QDs were evident. QDs' photostability allowed the observation of individual receptor trajectory for at least 20 min compared to ∼5 s with Cy3-labeled antibodies. The brightness of the QDs allowed the spots to be detected with a SNR of about 50 (integration time 75 ms), an increase of almost a factor of 10. This directly translated into a better positioning accuracy of ∼5-10 nm (see Equation (3.8) ). These experiments also revealed that extrasynaptic receptors were far more mobile than previously considered by single-particle tracking using micrometer-sized beads (Meier et al. 2001) , further confirming that the larger load size does influence diffusion properties. Finally, the authors demonstrated the ability to combine the high-temporal dynamics afforded by single-molecule fluorescence microscopy 
Future Directions
The two previous examples clearly illustrate the unmatched potential of QD technology for single-molecule microscopy and spectroscopy. It is reasonable to expect that with further experimental optimization (microscope geometries, QD photophysical properties, and/or development of new detectors) high positioning accuracy measurement could be approaching or surpass the one-and-half nanometer precision that has been achieved with single-color organic dyes (Snyder et al. 2004 , Yildiz et al. 2003 . Furthermore, the demonstration that a polarization microscope allows the detection of the QDs and nanorods orientation in three-dimensional space Hu, 2001, p.131) suggests new methods to study protein undergoing conformational changes in real-time by enlisting the use of endspecific functionalized nanorods (Mokari et al. 2004) .
QDs may also be instrumental in achieving single-molecule visualization of the motion of intracellular proteins involved in signaling pathways. Indeed, the observation of single molecules inside living cells has remained challenging partially due to the cellular autofluorescence originating from natural cellular fluorophores present in organelles (flavins, NADH, etc.). This inherent limitation might be alleviated by imaging long-wavelength QDs (extending to the NIR spectrum where autofluorescence is reduced) and/or by taking advantage of the long QD fluorescence lifetime (>5 ns; Efros and Rosen (2000) ) to combine the power of time-gated detection (Dahan et al. 2001 ) to further separate the QD fluorescent signal from that of the cellular background fluorescence (constituted mostly of shorter-lived species).
A prerequisite for QD intracellular applications is the determination of reproducible conditions to deliver monodisperse QDs inside the cell cytoplasm that avoid aggregation in the endosomes (Chen and Gerion 2004; Derfus et al. 2004) . It might be also necessary to associate QDs with a fluorescence-quenching molecule that can dissociate upon binding to the target (Chang et al. 2005) to allow discriminating between bound and unbound QDs. Finally, a new software/hardware combination might be needed to track the motion of intracellular molecules that is likely to take place within the three-dimensional space of the cytosol (Levi et al. 2005; Speidel et al. 2003) .
Although not achieving single-molecule detection yet, Lidke et al. (2004 Lidke et al. ( , 2005 have provided "proof-of-concept" studies showing that QDs are indeed powerful tools to continuously monitor complex signaling pathways, from the cell membrane to specific organelles in the cytoplasm. Lidke et al. used QD-tagged epidermal growth factor (EGF) to directly image the ligand-induced activation process as well as the homo-and heterodimerization of members of the erbB receptor family. QD's photostability over more than 60 min allowed continuous tracking of ErbB1 receptors from the cell membrane, through endocytosis and the subsequent pathways of vesicular trafficking and fusion. It is important to note that when single-molecule sensitivity could be achieved at the surface of the filipodia, the authors discovered a new retrograde transport of the erbB1 receptor associated with the cytoskeleton. This retrograde transport preceded receptor endocytosis, which occurs at the base of the filipodia (Lidke et al. 2005) .
Concluding Remarks
Since their introduction in 1998 (Bruchez et al. 1998; Chan and Nie 1998) , fluorescent semiconductor nanocrystals have been widely accepted by the scientific community and the biotechnology industry as new fluorescent, nonisotopic labels of unmatched potential. Although QDs are here to stay, they are not likely to replace fluorescent dyes and genetically encoded proteins technologies. Rather, they will complement some of their shortcomings in niche applications requiring better photostability, NIR emission, multiplexing (multicolor) capabilities, and single-molecule sensitivity over long periods of time. Quite remarkably, quantum confinement phenomena in nanoscale materials, first predicted and studied by physicists, next synthesized and implemented by inorganic chemists, are now being harnessed and utilized by biologists as a new tool to visualize and study functional molecules down to the single-molecule level within cells and organisms. 
